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ABSTRACT

The role of cysteine sulfhydryl residues on the RNA
binding activity of human thymidylate synthase (TS)
was investigated by mutating each cysteine residue
on human TS to a corresponding alanine residue.
Enzymatic activities of TS:C43A and TS:C210A
mutant proteins were nearly identical to wild-type
TS, while TS:C180A and TS:C199A mutants
expressed >80% of wild-type enzyme activity. In
contrast, TS:C195A was completely inactive. Mutant
proteins, TS:C195A, TS:C199A and TS:C210A,
retained RNA binding activity to nearly the same
degree as wild-type human TS. RNA binding activity
of TS:C43A was reduced by 30% when compared to
wild-type TS, while TS:C180A was completely
devoid of RNA binding activity. In vitro translation
studies con®rmed that mutant proteins TS:C43A,
TS:C195A, TS:C199A and TS:C210A, signi®cantly
repressed human TS mRNA translation, while
TS:C180A was unable to do so. To con®rm the
in vivo signi®cance of the cysteine sulfhydryl resi-
due, mutant proteins TS:C180A and TS:C195A were
each expressed in human colon cancer HCT-
C18:TS(±) cells that expressed a functionally inac-
tive TS. A recombinant luciferase reporter gene
under the control of a TS-response element was co-
transfected into these same cells, and luciferase
activity increased in the presence of the TS:C195A
mutant TS protein to a level similar to that observed
upon expression of wild-type TS protein. In con-
trast, luciferase activity remained unchanged in
cells expressing the TS:C180A mutant protein.
Taken together, these ®ndings identify Cys-180
as a critical residue for the in vitro and in vivo
translational regulatory effects of human TS.

INTRODUCTION

Thymidylate synthase (TS) is a folate-dependent enzyme that
catalyzes the reductive methylation of 2¢-deoxyuridine-5¢-

monophosphate (dUMP) by the reduced folate 5, 10-
methylenetetrahydrofolate (CH2FH4) to yield thymidine-5¢-
monophosphate (dTMP, thymidylate) and dihydrofolate (1).
Once synthesized, dTMP is phosphorylated within the cell by
two successive enzymatic steps to dTTP, an essential precur-
sor for DNA biosynthesis and DNA repair. Because this
enzymatic reaction provides the sole intracellular de novo
source of dTMP, TS is a critical therapeutic target in cancer
chemotherapy (2,3).

In addition to its role in enzyme catalysis, TS also functions
as an RNA binding protein (4±8). Speci®cally, translation of
human TS mRNA is negatively regulated by direct binding of
TS to two different cis-acting elements on its cognate mRNA.
The ®rst element is a 30-nt sequence contained within the 5¢-
untranslated region (UTR) and includes the translational start
site in a stable stem±loop structure. The second binding site is
a 70-nt sequence in the protein-coding region corresponding to
nucleotides 480±550 (9). In vitro and in vivo studies have
shown that each site can function independently of one
another. However, both elements are required for the complete
translational autoregulatory effects of TS.

There is growing evidence that the RNA binding activity of
TS is affected by its state of ligand occupancy. When TS is
ligand-free, maximal RNA binding activity is maintained,
resulting in translational repression of TS mRNA. However,
when TS is bound by either of its physiologic substrates,
dUMP or CH2FH4, bound by the 5-FU metabolite FdUMP, or
bound by an antifolate analog such as raltitrexed (ZD1694),
RNA binding activity is markedly reduced. The net effect of
ligand binding is abrogation of translational repression,
resulting in synthesis of new TS protein.

Previous studies have shown that sulfhydryl group modi-
®cation of TS signi®cantly decreases enzymatic activity and
its ability to form a stable ternary complex with the reduced
folate CH2THF and FdUMP (10). Earlier work from our own
laboratory showed that the redox state of the protein was a
critical determinant of RNA binding (11). In the presence of
reducing agents, such as 2-mercaptoethanol and/or dithio-
threitol, the RNA binding activity of TS was signi®cantly
enhanced. In contrast, treatment with the oxidizing agent
diamide or N-ethylmaleimide, signi®cantly inhibited RNA
binding activity. These studies suggested that the interaction
between TS protein and its target TS mRNA was mediated by
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a reversible sulfhydryl switch mechanism and required the
presence of at least one free sulfhydryl group.

In the present report, we investigated the role of the cysteine
amino acid residues on the RNA binding activity of TS. For
these studies, we used site-directed mutagenesis to express and
purify mutant proteins corresponding to each cysteine moiety
as well as RNA gel shift and in vitro translation assays to
determine the RNA binding activity of these mutant proteins.
The results presented herein demonstrate that Cys-180 of
human TS plays a critical role in mediating RNA recognition.

MATERIALS AND METHODS

Cell culture

The human colon cancer HCT-C18 cell has been previously
described (12,13) and was a kind gift of Dr Sondra Berger.
HCT-C18 cells were maintained in RPMI 1640 growth
medium containing 10% dialyzed fetal bovine serum and
supplemented with 10 mM thymidine.

Synthesis of recombinant plasmid constructs

Full-length human TS cDNA was PCR-ampli®ed and cloned
into the HindIII and NdeI restriction sites of pET-28 to yield
the His-Tag TS expression plasmid pET-28/His-TS. All point
mutations were performed using the Quikchange site-directed
mutagenesis kit (Strategene, La Jolla, CA) according to the
manufacturer's protocol. The ®ve mutant TS expression
plasmids constructed are presented in Figure 1, and each
cysteine residue was mutated to a corresponding alanine. The
mutant constructs are as follows: pET-28/His-TS:C43A, pET-
28/His-TS:C180A, pET-28/His-TS:C195A, pET-28/His-TS:
C199A and pET-28/His-TS:C210A. Recombinant plasmids
pcDNA3.1(+):His-TS/C179A and pcDNA3.1(+):His-TS/
C195A, which contain point mutations at Cys-180 and Cys-
195, respectively, were also constructed using the site-directed
mutagenesis technique. The sequences of the primers used are
as follows (underlined bases represent the cysteine to alanine
mutation): TS208±234 (sense), 5¢-CAC ATC CTC CGC GCC
GGC GTC AGG AAG-3¢; TS234±208 (antisense), 5¢-CTT
CCT GAC GCC GGC GCG GAG GAT GTG-3¢; TS619±645
(sense), 5¢-AGA ATC ATC ATG GCC GCT TGG AAT CCA-
3¢; TS645±619 (antisense), 5¢-TGG ATT CCA AGC GGC
CAT GAT GAC TCT-3¢; TS664±690 (sense), 5¢-GCG CTG
CCT CCA GCC CAT GCC CTC TGC-3¢; TS-690±664
(antisense), 5¢-GCA GAG GGC ATG GGC TGG AGG
CAG CGC-3¢; TS676±702 (sense), 5¢-TGC CAT GCC CTC
GCC CAG TTC TAT GTG-3¢; TS702±676 (antisense), 5¢-
CAC ATA GAA CTG GGC GAG GGC ATC GCA-3¢;
TS709±735 (sense), 5¢-AGT GAG CTG TCC GCC CAG CTG
TAC CAG-3¢; TS735±709 (antisense), 5¢-CTG GTA CAG
CTG GGC GGA CAG CTC ACT-3¢

Expression and puri®cation of wild-type and mutant
human TS protein

Human recombinant His-Tag TS protein was puri®ed using
the Ni-NTA spin kit (Qiagen, Valencia, CA) according to
previously described methods (14). In brief, Escherichia coli
BL21 competent cells (Invitrogen, Carlsbad, CA) were
transformed with recombinant wild-type or mutant human
TS cDNA plasmids and grown overnight at 37°C. Cells were

placed in fresh medium at a dilution of 1:10, grown to an
absorbance of 0.6±0.8 at 600 nm and then induced with 1 mM
IPTG at 30°C for 12 h. Cells were harvested by centrifugation
at 30 000 g and cell pellets were suspended in a binding
solution containing pH 8.0, 50 mM sodium phosphate, 10 mM
imidazole and sonicated six times for 30 s using a Vibracell
Model VC-600 sonicator (Sonics and Materials Inc., Danbury,
CT). The sonicated cells were centrifuged for 20 min at
43 000 g at 4°C. The supernatant was then loaded onto a Ni-
NTA spin column, and the column was washed with 20 mM
imidazole, and 50 mM sodium phosphate buffer three times.
His-Tag TS proteins were eluted with a buffer of 300 mM
imidazole, 50 mM sodium phosphate, pH 8.0, and protein
samples were dialyzed in 100 mM, Tris±HCl, pH 7.4.

In vitro transcription

Full-length human TS mRNA (TS1-1524) was synthesized
in vitro with SP6 RNA polymerase using linearized pcEHTS
plasmid as template. In vitro transcription was performed
using the in vitro transcription kit (Ambion, Austin, TX),
according to previously described methods (9). Once synthe-
sized, all RNA transcripts were resolved on a 15%
polyacrylamide/8 M urea gel. The concentration of RNA
was then determined by UV absorbance at 260 nm.

32P-radiolabeled human TS mRNA was synthesized in vitro
using the Promega in vitro transcription kit as previously
described (4,5). The radiolabeled RNA was resolved on a 15%
polyacrylamide/8 M urea gel and subsequently gel-puri®ed to
ensure integrity and purity.

RNA gel-mobility shift assay

The RNA gel-mobility assay was performed according to
previously published methods (4,5). In brief, 32P-radiolabeled
human TS mRNA (100 000 c.p.m., 1±2 fmol) was incubated
with human TS protein in a reaction mixture containing 10 mM
HEPES, pH 7.4, 40 mM KCI, 3 mM MgCI2, 5% glycerol,

Figure 1. Schematic diagram of expression plasmids of wild-type and
mutant TS proteins. Full-length human TS cDNA was PCR-ampli®ed, and
the sequence was cloned in the HindIII and NdeI restriction site of pET-28
to yield the recombinant plasmid pET-28/His-Tag TS. Cysteine to alanine
mutations of TS were constructed using the Stratagene Quikchange site-
mutagenesis kit as detailed in the Materials and Methods. The amino acids
in italics represent the cysteine to alanine mutation. The solid box indicates
the His-Tag sequence at the N-terminal region of TS.
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250 mM 2-mercaptoethanol and 2 U of Prime RNase inhibitor,
for 15 min at room temperature. RNase T1 (12 U, Eppendorf)
was then added for 10 min, followed by incubation with
heparin sulfate (5 mg/ml, Sigma) for an additional 10 min at
room temperature. The entire reaction mixture was then
resolved on a 5% non-denaturing polyacrylamide gel
(acrylamide/methylenebisacrylamide weight ratio, 60:1),
transferred to Whatman ®lter paper, dried, and then visualized
by autoradiography. Quantitation was performed using a
Hewlett Packard ScanJet 4P Plus Scanner and NIH Image 1.51
software. The apparent dissociation constants (Kd) were
determined by Scatchard analysis as previously described
(11,15).

In vitro translation

In vitro translation reactions were performed using a rabbit
reticulocyte lysate system (Promega, Madison, MI) as pre-
viously outlined (4,9). Reaction mixtures (®nal volume, 20 ml)
containing rabbit reticulocyte lysate, amino acid mixture
without methionine (0.4 ml), RNase inhibitor (0.4 ml), and
12 mCi of 35S-methionine were incubated with the respective
mRNA transcript at 30°C for 1 h. Translation products were
analyzed by SDS±PAGE (15% acrylamide) according to the
method of Laemmli (16) and gels were processed as
previously described (5). After drying for 2 h, the translation
products were visualized by autoradiography.

Transient transfection and luciferase assay

Transient transfection experiments were performed as pre-
viously described (17). In brief, cells were plated at 2 3 105/
60 mm dish and grown to ~50% con¯uence. In each
transfection experiment, cells were incubated with either
5 mg of pcDNA3.1(+):His-TS, pcDNA3.1(+):His-TS/C195A
or pcDNA3.1(+):His-TS/C180A along with 5 mg of p644 or
p644/TS:N25. The p644 and p644/TS:N25 recombinant
plasmids have been previously characterized (18). Cells
were co-transfected with 0.05 mg of ppRL-SV40 plasmid
DNA. This plasmid encodes renilla luciferase, and was
included to provide an internal control for transfection
ef®ciency. After incubation at 37°C for 24 h, cells were
washed twice with serum-free RPMI 1640 medium, and then
incubated in 2 ml RPMI 1640 containing 10% dialyzed fetal
bovine serum for an additional 48 h at 37°C. Cells were
harvested using reagents from the dual luciferase assay kit
(Promega, Madison, MI), as previously described (9).

TS catalytic assay

The catalytic activity of wild-type and mutant TS proteins was
determined as previously outlined (19). This assay was
performed in a total volume of 200 ml containing 10±5 M
[5-3H] dUMP (speci®c activity, 20 Ci/mmol), 100 mM
2-mercaptoethanol, 50 mM KH2PO4, pH 7.2, 150 mM
CH2THF and 0.5 mg TS protein. Each reaction mixture was
incubated at 37°C for 30 min. The reaction was terminated
upon addition of 100 ml of ice-cold 20% trichloroacetic acid.
Residual [5-3H] dUMP was removed by adding 200 ml of an
albumin-coated activated charcoal solution. Samples were
vortexed and allowed to stand at room temperature for 10 min.
The charcoal was removed by centrifugation at 10 000 g for
30 min. A 250 ml sample of the supernatant was then assayed
for [3H]H2O radioactivity by liquid scintillation counting.

RESULTS

As a ®rst step towards investigating the potential effect of the
sulfhydryl group on the RNA binding activity of TS, each
cysteine residue on TS protein was mutated to a corresponding
alanine residue. Wild-type and mutant TS proteins were then
expressed and puri®ed to homogeneity. We ®rst determined
whether mutation of any one of the cysteine residues resulted
in loss of catalytic activity, using the well-characterized TS
catalytic assay. As seen in Table 1, mutant proteins TS:C43A
and TS:C210A expressed completely intact enzymatic activity
when compared to wild-type TS protein. TS:C180A and
TS:C199A mutants expressed >80% of wild-type enzyme
activity. In contrast, TS:C195A was catalytically inactive.
These studies con®rmed that the cysteine amino acid residue
at position 195, which resides in the nucleotide-binding
domain (20), is essential for TS catalytic activity.

We next performed a series of RNA gel-mobility shift
experiments to determine the effect of the respective C®A
mutations on RNA binding activity. RNA binding experi-
ments con®rmed that three of the mutant proteins, TS:C43A
(Fig. 2, lane 3), TS:C195A (Fig. 2, lane 5) and TS:C210A
(Fig. 2, lane 6), interacted with human TS mRNA probe to the
same degree as wild-type TS (Fig. 2, lane 2). The binding
activity of TS:C199A was reduced by nearly 30% when
compared with wild-type TS (Fig. 2, lane 6). Of note, the RNA

Table 1. Enzyme activity of wild-type and mutant human TS proteins

Protein Speci®c activity (U/mg)

Wild-type TS 0.50
TS:C43A 0.50
TS:C180A 0.40
TS:C195A 0.00
TS:C199A 0.45
TS:C210A 0.50

The catalytic activity of wild-type and mutant human TS proteins was
determined using the radioenzymatic assay as outlined in the Materials and
Methods section. One unit of activity is de®ned as 1 mmol of thymidylate
formed per min at 37°C under the conditions of the assay.

Figure 2. RNA binding activity of wild-type and mutant human TS
proteins. RNA gel mobility-shift assays were performed as described in the
Materials and Methods. Samples were resolved on a 5% non-denaturing
acrylamide gel. 32P-radiolabeled full-length human TS mRNA probe was
incubated in the absence (lane 1) or presence of wild-type TS (lane 2),
TS:C43A (lane 3), TS:C180A (lane 4), TS:C195A (lane 5), TS:C199A
(lane 6) and TS:C210A (lane 7). The arrow indicates the position of the
RNP complex as visualized by autoradiography.
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binding activity of the TS:C180A protein was completely
abrogated (Fig. 2, lane 4).

The binding af®nities of wild-type and mutant TS proteins,
as measured by the apparent dissociation constants (Kd), were
then determined using the well-established Scatchard analysis.
As seen in Table 2, mutant proteins TS:C43A (Kd, 2.8 nM),
TS:C195A (Kd, 3.0 nM) and TS:C210A (Kd, 2.9 nM) bound to
TS mRNA with an af®nity nearly identical to that of wild-type
TS (Kd, 2.9 nM). The TS:C199A mutant protein displayed
partially decreased RNA binding af®nity by ~30% when
compared to wild-type TS (Kd, 4.3 nM). In contrast, the
binding af®nity of TS:C180A was dramatically reduced by
>100-fold (Kd, > 300 nM).

To begin to determine the functional consequences of
mutations of the cysteine residues, we employed a rabbit
reticulocyte lysate in vitro translation system to investigate
their effects on the translational repressive activity of TS.
When human TS mRNA was incubated in the lysate reaction
mixture, the corresponding in vitro translation products were
observed at 37 kDa for TS (Fig. 3, lane 1). In the presence of
exogenous wild-type TS, dose-dependent inhibition of TS
mRNA translation was observed (Fig. 3, wild-type TS). The
same level of translational repression was also observed when
human TS mRNA was incubated with mutant proteins,
TS:C43A, TS:C195A, TS:C199A and TS:C210A (Fig. 3). In
contrast, the translational inhibitory effect was nearly com-
pletely abrogated when TS:C180A was included in the rabbit
lysate reaction (Fig. 3). These studies suggest that Cys-180 is
required to maintain the translational repressive effects of TS
protein in vitro.

We next investigated the potential in vivo biological
signi®cance of the cysteine residue. For this series of
experiments, we used human colon cancer HCT-C18 cells
which express a functionally inactive TS and the p644/TS:N25
luciferase reporter construct. In previously published studies,
we had used an in vitro RNA selection method in which a
completely degenerate, linear RNA pool of 25 nt was
incubated with human recombinant TS protein. The TS:N25
sequence was isolated after 10 rounds of selection and
ampli®cation, and in vitro RNA binding studies revealed
that this selected sequence bound human recombinant TS
protein with nearly 20-fold higher af®nity than native, wild-
type TS RNA sequences (18). The cDNA sequence corres-
ponding to TS:N25 RNA was then cloned onto the upstream of
luciferase gene to yield the heterologous luciferase reporter
plasmid, p644/TS:N25. In vivo transfection experiments

con®rmed that the TS:N25 sequence functioned as a positive
enhancer element in that luciferase activity was signi®cantly
increased by nearly 3-fold in human colon cancer HCT-C18-
TS(+) cells which overexpress human TS, but not in HCT-C18
cells, which express a functionally inactive TS. RNase
protection assays revealed that the signi®cant changes in
luciferase activity was not associated with corresponding
changes in luciferase mRNA levels. These ®ndings suggested
that the biological effects of the selected TS:N25 sequence
were mediated at the translational level.

In the present study, we co-transfected HCT-C18 cells with
either parent luciferase plasmid p644 or the p644/TS:N25
heterologous plasmid along with a plasmid expressing either
wild-type TS [pcDNA3.1(+):His-TS] or plasmids expressing
mutant TS:C180A [pcDNA3.1(+):His-TS/C180A] or TS:
C195A TS proteins [pcDNA3.1(+):His-TS/C195A]. As seen
in Figure 4, luciferase activity was increased by nearly
2.5-fold in cells expressing either wild-type TS or TS:C195A
mutant protein. In contrast, luciferase activity remained
unchanged in cells expressing the TS:C180A mutant TS
protein following transfection with p644/TS:N25 when
compared to transfection with p644.

DISCUSSION

In the present study, we performed a series of experiments to
identify the amino acid residues on human TS protein that are
required for RNA recognition. For this work, we used a site-
directed mutagenesis strategy to express and purify mutant TS
proteins. In this initial series of experiments, we focused our
efforts on expressing mutant proteins with mutations at the
critical cysteine residues, of which there are ®ve located at
amino acid residues 43, 180, 195, 199 and 210. The rationale
for focusing on these particular residues was based on earlier
work from our laboratory that demonstrated that the redox
state of the protein was a critical determinant of RNA binding
(11). In the presence of a reducing environment with either
2-ME or DTT, the RNA binding activity of human TS was
signi®cantly enhanced. However, treatment of human TS with
either of the oxidizing agents diamide or N-ethylmaleimide,
signi®cantly repressed RNA binding activity. These studies

Table 2. RNA binding activity of wild-type and mutant TS proteins

Protein Kd (nM)

Wild-type TS 2.9 6 0.50
TS:C43A 2.8 6 0.44
TS:C180A >300
TS:C195A 3.0 6 0.45
TS:C199A 4.3 6 0.65
TS:C210A 2.9 6 0.49

The dissociation constant (Kd) of wild-type and mutant human TS proteins
was determined using the Scatchard analysis as outlined in the Materials
and Methods. Each value represents the mean 6 SE of three to ®ve
experiments.

Figure 3. Inhibition of human TS mRNA translation in vitro by wild-type
and mutant human TS proteins. In vitro translation reactions containing
rabbit lysate were incubated with human TS mRNA (0.4 pmol, lanes 1±5)
as outlined in the Materials and Methods. Varying amounts of TS protein,
lanes 1±5: 0, 10, 20, 30 and 40 pmol, respectively, were included in each
reaction. After incubation at 30°C for 1 h, samples were resolved on 12.5%
SDS±PAGE, and protein products were visualized by autoradiography.
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suggested that the interaction between TS protein and its target
TS mRNA was mediated by a reversible sulfhydryl switch
mechanism and involved at least one cysteine amino acid
residue. However, this initial work was unable to identify the
speci®c cysteine residue responsible for this effect.

Our ®ndings demonstrate that mutations at cysteine residues
43, 195, 199 and 210 do not impair the RNA binding activity
of TS nor do these mutations appear to signi®cantly alter the
translational repressive effects of the protein. In contrast, the
TS:C180A mutant protein, which retains nearly complete
catalytic activity when compared to wild-type TS, is com-
pletely devoid of RNA binding activity and is unable to inhibit
TS mRNA translation. The fact that a catalytically active TS,
such as TS:C180A, has lost RNA binding function and that a
catalytically inactive TS, such as TS:C195A, is able to
maintain RNA binding activity provides additional evidence
that the functions of RNA binding and enzyme catalysis are
not mediated by the same domain(s) on the TS protein. To
provide further support for the biological effects of this
speci®c mutation, in vivo transfection experiments were
performed. As seen in Figure 4, transient transfection experi-
ments using a reporter luciferase construct, under the control
of an enhancer TS-response element, revealed a marked
increase in luciferase activity in cells expressing wild-type TS
or TS:C195A mutant protein. In contrast, luciferase activity
remained unchanged in cells expressing the TS:C180A mutant
TS protein. Taken together, these ®ndings highlight the critical
role of Cys-180 in mediating the translational regulatory
function of human TS in vitro and in vivo.

Several studies have focused on characterizing the
molecular elements that mediate the interaction between
RNA binding proteins and their target RNA. The R17
bacteriophage coat protein (21±23), aminoacyl-tRNA synthet-
ase (24,25) and iron-responsive factor (26,27) represent three
well-characterized RNA binding proteins. In each instance, a
free cysteine sulfhydryl group(s) on the RNA binding protein

forms a covalent Michael adduct with the C-6 position on the
corresponding uracil ring of the target RNA. In the present
case, it is clear that the sulfhydryl residue at Cys-180 is critical
for RNA binding. However, the precise mechanism by which
this speci®c amino acid moiety mediates its effects on RNA
binding remains unclear. There are, at least, three potential
mechanisms by which it might be exerting its effects. First, the
cysteine sulfhydryl may form a direct Michael adduct with the
C-6 position of a uracil ring on TS mRNA. Second, occupation
of the cysteine residue may result in altered RNA binding
through a steric hindrance mechanism. Finally, this cysteine
may be critical in maintaining TS in a certain conformational
structure that then allows the actual domain on the protein to
be readily accessible for RNA binding.

Previous work from this laboratory revealed that E.coli TS
proteins with point mutations in the nucleotide-binding
domain were able to retain their RNA binding function (11).
The only mutant protein that lost RNA binding activity was
the one at Cys-146 (C146S). Of note, for the E.coli species this
represents the active site cysteine residue. In contrast, RNA
binding activity was completely abrogated in mutant proteins
with point mutations in the folate-binding region of E.coli TS,
including the C50F mutant protein (11). These initial studies
suggested that the active site cysteine sulfyhydryl and the
folate-binding domain may play an important role in the RNA
binding activity of E.coli TS. Our ®ndings with the human TS
species differ somewhat from those obtained with the E.coli
protein, in that a mutation at the active site cysteine of human
TS did not impair the ability of the mutant protein to interact
with its own cognate TS mRNA. In addition, a mutation in the
cysteine residue of human TS at position 43, which is located
in the folate-binding pocket, did not alter RNA binding
function. The crystal structures of E.coli (28±30) and human
TS have been resolved (31,32), and the evidence, to date,
suggests that the structures of these two species of TS may
indeed be different. Taken together, our RNA binding studies
would suggest that the main effect of the cysteine sulfhydryl
residue is on maintaining the TS protein in a proper
conformation that then allows for RNA binding to occur.
However, to more directly address this issue, studies are
underway in our laboratory to resolve the crystal structure of
the human TS protein±human TS mRNA complex.

Further studies are needed to more carefully elucidate the
key molecular elements underlying the translational auto-
regulation of TS and the interaction between TS protein and its
target mRNA. Our laboratory is presently dissecting the
critical cis-elements on TS mRNA that are required for in vitro
and in vivo RNA recognition. Studies are also in progress to
determine the precise intracellular localization of the TS RNP
complex in intact human colon cancer cells. Such work may
help to further elucidate the biological signi®cance of this
particular RNP complex. In addition, mutant proteins with
point mutations in the folate- and nucleotide-binding domain
of human TS are being evaluated to determine their relative
RNA binding activity. These studies should provide further
insights as to the critical domain(s) on human TS that are
required for the process of RNA binding. However, the work
presented herein provides additional insights into the deter-
minants that mediate the TS translational autoregulation.
Finally, as the process of translational autoregulation is
becoming an increasingly recognized mechanism for the

Figure 4. Effect of cysteine mutation on the luciferase activity mediated by
the enhancer TS-response element. Human colon cancer HCT-C18 cells
were transiently transfected with p644 (open bar) or p644/TS:N25 (solid
bar). Three different plasmids, including pcDNA3.1:TS(+), pcDNA3.1:
TS(+)/C180A or pcDNA3.1:TS(+)/C195A were co-transfected with p644 or
p644/TS:N25. Luciferase activity was measured 48 h post-transfection using
the dual luciferase assay system as described in the Materials and Methods.
The activity in cells transfected with p644 was de®ned as 100%.
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control of gene expression, these studies may provide new
insights that can be applied to the regulation of other critical
cellular genes.
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